Focus of this study has been placed on the influences of carbon nanotube (CNT) on the mechanical and tribological behavior of CNT containing brake lining materials. The commercial friction powder mixed with the same concentration of catalyst sol was fed into the CVD furnace and different ratio of C 2 H 2 /N 2 was adopted to fabricate the CNT containing friction powder. The CNT containing brake lining specimens were fabricated by hot pressing these homemade CNT containing friction powders.
Introduction
The automotive brake lining composed of fibrous reinforcement, internal lubricant, and friction modifier are usually bound with phenolic resins. 1, 2) Notably, the high performance brake lining material must possess characters of stable friction and low wear under varying operating speeds, applied loads, temperature, and environment. To achieve the low wear property, a brake lining need to be tough, heat-resistant, and have predictable thermal degradation behavior.
3) However, an organic brake lining material subjected to a high temperature environment usually experiences a phenomenon called ''fade'', 1, [3] [4] [5] [6] which the normal low-temperature coefficient of friction decreases temporarily. An automotive brake lining material requires being light and able to resist high temperature and absorb enough friction energy 6) for the safety purpose. Because of the inherent thermal degradation character of the organic material, a better thermal resistant material is highly demanded.
Carbon nanotubes, discovered by Iijima in 1991, 7) with outstanding chemical and physical properties have become the potential reinforced materials in various technological applications. 7, 8) Many deposition methods [9] [10] [11] [12] have been reported on the CNT synthesis. The chemical vapor deposition (CVD) process, one very popular and low cost method for growing CNTs, adopts transition metal particles as the reaction catalyst to reduce the growing temperature. The CNT which is known to have properties of low density and high thermal resistance is considered by the authors to be the best candidate for such application. In stead of employing commercial carbon nanotubes which is difficult to disperse and still quite high cost at present for preparing the braking lining materials, this study disperses the iron catalyst homogeneously through sol-gel method with the commercial friction powder to grow carbon nanotubes in-situ by the CVD process for preparing the carbon nanotube containing brake lining material.
Experimental Procedures

Catalyst friction powder preparation
The iron catalysts were dispersed in the silica matrix using sol-gel technique. Fe(NO 3 ) 3 aqueous solutions with constant concentration (2.0 M) were first mixed with tetraethylorthosilicate (TEOS) dissolved in absolute ethanol, then the solution was mixed with the commercial friction powder (20 vol% BaSO 4 and CaCO 3 ) and ultrasonic stirred for 30 mins. After then, the mixture was air dried at room temperature for 48 hours and dried stepwise in the oven at 90 C for 30 mins and 150 C for 30 mins to remove excess solvent.
CNT/friction powder growth
CNT/friction powder growth was undertaken in a simple CVD setup made of a tube furnace and gas flow control units. The catalyst friction powder was placed in a graphite boat before sending to a horizontal quartz tube reactor. The catalyst friction powder was first calcined in the vacuum atmosphere at 450 C for 5 h. After then the catalyst powder was chemically reduced at 550 C with a H 2 /N 2 (10/100 sccm) atmosphere for 2 hours. The CNTs were finally grown at 750 C for 30 min by introducing a mixture of C 2 H 2 /N 2 into the reactor at different flow ratio of 15/85, 30/70, 45/55 and 60/40 sccm. After the growing process, the nitrogen was fed into the reactor to purge the acetylene from the tube and prevent back flow of air into the tube. The furnace was then allowed to cool to room temperature before exposing the CNT/friction powder to the air.
Sample preparation
All raw material powders (phenolic resin, steel wool, cashew, and CNT/friction powder) were mixed and pressmolded at 180 C under a unidirectional pressure of 100 MPa to make round disks of 25.4 mm in diameter and 10 mm in thickness. The green specimen (designated as ''G'') was just only made by simple commercial friction powders as a reference sample. The specimens made by different CNT/ friction powders prepared through different flow ratio of 15/85, 30/70, 45/55 and 60/40 sccm of C 2 H 2 /N 2 were designated as A15, A30, A45, and A60 individually.
Density and porosity
The density and open porosity of fabricated specimens which were experienced by different process parameters were measured by the water immersion method according to the ASTM C-20.
Hardness test
Hardness values of all specimens were determined at HRR (Rockwell, R scale) levels by a hardness test machine (Akashi, ATK-600, Japan). The used indenter was a 12.7 mm spherical steel ball, the applying load was 60 kgf and the testing position was along the radial direction of the specimen. At least, five positions were tested for each set of samples and the average values of hardness were measured.
Friction and wear tests
Friction and wear tests were conducted using a homemade disc-on-disc sliding wear tester, as schematically shown in Fig. 1 . The square-shaped (32 mm Â 32 mm) counterface material is SAE-G2500 gray cast iron (the rotor material). Prior to testing, all specimens were mechanically polished through a level of #1200 grit paper, followed by ultrasonic cleaning and drying. Multiple continuous wear tests were conducted under the same wear condition in this study. A fixed load of 1.2 MPa, constant rotor speed of 1000 rpm (linear speed is 0.67 m/s) and testing time of 300 s (sliding distance is 200 m) were used in every wear test. A strain gage-equipped LRK-100K load cell (NTS Technology, Nara, Japan) was used to determine the friction coefficient. The mass loss was apparently determined at least for the composite brake lining material and averaged from the friction specimen for each run.
Microstructure
A Hitachi S-4700 (Hitachi, Japan) scanning electron microscope (SEM) was used to examine morphologies of those CNT/friction powder and typical worn surface of those specimens after experiencing the wear test.
Results and Discussion
Microstructure
The microstructures of CNT/friction powder prepared through gas flow ratio of C 2 H 2 /N 2 = 45/55 are shown in Fig. 2 . As indicated by arrow signs in Fig. 2(b) , many CNTs and amorphous carbon clusters were generated at the same time through the CVD process. It is also noted that, many CNTs dispersed and entwined with a commercial friction powder particle. This result would facilitate CNTs to distribute uniformly in fabricated specimens when these modified CNT/friction powders were mixed uniformly. According to our observation of CNT/friction powder, larger quantities of CNTs and extra carbon product (graphite particles or amorphous carbon clusters etc.) were derived through higher flow ratio of C 2 H 2 /N 2 . However, we still don't have sufficient data to identify the distinct quantitative amounts of CNTs and amorphous carbon cluster definitely. Figure 3 shows the dependence of density and porosity with different ratio of C 2 H 2 /N 2 . Among all specimens, the green specimen possesses the lowest bulk density (2.71 g/cm 3 ) and the highest open porosity (12 vol%). The CNTs containing brake lining specimens showed lower porosity and higher bulk density than that of green specimen. One possible explanation for the phenomena is that CNTs of CNT/friction powder could easily fill those small pores between friction powders during the formation of specimens. It should be noted that specimen with higher ratio of C 2 H 2 / N 2 did not show higher bulk density and lower open porosity. The specimen with 30% C 2 H 2 (A30 specimen) shows the highest bulk density (2.87 g/cm 3 ) and the lowest open porosity (7.4 vol%). The phenomena can be attributed to two possible reasons. Firstly, the CNT/friction powder in this study were not purified. Although higher ratio of C 2 H 2 /N 2 could derive larger quantities of CNTs, much extra carbon product (graphite particles or amorphous carbon clusters etc.) were also derived. The wetting between the matrix and these carbon products was poor, causing these carbon products to cleave or break away from the matrix and cause a poor formation of specimens. The phenomena would cause these CNT/friction powders to be press-molded into a specimen difficultly and incompletely. Secondly, larger quantities flustered CNTs synthesized from higher ratio of C 2 H 2 /N 2 would be accumulated and entangled. The phenomenon also caused a poor formation of specimens. Therefore, the A45 and A60 specimens with higher ratio of C 2 H 2 /N 2 show higher porosity and lower density than that of A30 specimen.
Density and porosity
Hardness
As shown in Fig. 4 , the average hardness of CNT containing brake lining specimens with different ratio of C 2 H 2 /N 2 is roughly higher than that of the green specimen except for A15 specimen. These experimental results illustrate that CNTs do reinforce the mechanical properties of the specimens. It is also noted that the hardness of specimens is roughly related to their density. This observation implies that CNTs could improve the hardness of CNT containing brake lining specimens; however, too many entangled CNTs and amorphous carbon clusters derived from higher ratio of C 2 H 2 /N 2 would cause the poor formation of the specimen and reduce reinforced efficiency.
Friction and wear
Variations in average friction coefficient throughout the entire wear test for all specimens are summarized and compared in Fig. 5 . Every average friction coefficient was averaged of the area integrated from the friction curve by the total sliding time. As seen in the figure, the variation in average friction coefficient of the green specimen is more fluctuant and much higher than all of the CNT containing brake lining specimens during continuous wear tests. Among those specimens with different ratio of C 2 H 2 /N 2 , the A30 specimen shows the lowest average friction coefficient and more stable variation in average friction coefficient. We can recognize from this phenomenon that CNTs could improve the tribological performance of brake lining materials during the wear test. Wear rate (mass losses/sliding distance) of specimens with different ratio of C 2 H 2 /N 2 after experiencing ten continuous wear tests (1.2 MPa, 300 sec at a constant speed of 1000 rpm for each test) was compared in Fig. 6 . Among the specimens with different ratio of C 2 H 2 /N 2 , the green specimen had the largest wear rate (0.173 mg/m). The wear rate of the CNT containing brake lining specimens decrease obviously. This observation implies that the CNTs responsible for the significant improvement in tribological performance of these CNT containing brake lining specimens. It also shows that the wear rate of specimens is roughly related to their average friction coefficient curves. The smoother and lower the average friction coefficient curve is, the lower the wear rate is. Based on comparison of friction and wear rate results between all CNT containing brake lining specimens, the A30 specimen had the most stable and lowest average friction coefficient and wear rate (0.015 mg/m). This observation implies that although CNTs could improve tribological performance of brake lining specimens; however, larger quantities flustered CNTs and amorphous carbon clusters in A45 and A60 specimens synthesized from higher ratio of C 2 H 2 /N 2 could not provide the best efficiency of tribological improvement. Figure 7 shows the typical worn surface morphology of the specimen with different ratio of C 2 H 2 /N 2 , after experiencing ten continuous wear tests. As shown in Fig. 7(a) , the worn surface of the green specimen exhibited a rough and random morphology. The powdery worn surface was generated during the wear test and existed throughout the specimen. This worn surface as shown in Fig. 7(a) was responsible for the high and unsteady friction coefficient as indicated in Fig. 5 and the large wear rate during the wear process. The worn surface of the CNT containing brake lining specimens exhibited remarkably different morphologies from that was observed on the green specimen. As shown in Fig. 7(b)-7(e) , some smooth and quite adherent films were formed on the worn surface, though a few cracks and small wear particles were still observed. This phenomenon was related to the more stable tribological performance of CNTs containing brake lining specimens than that of the green specimen. Among the worn surface of the CNT containing brake lining specimens, the worn surface of A30 specimen showed the most stable morphology. Wear particles of A30 specimen were smaller than that of A45 and A60 specimens. Some wear particles of A30 specimen were flattened and compacted to a smooth and dense film. This phenomenon responsible for the lowest, most stable average friction coefficient curve and the lowest wear rate of A30 specimen during the wear process as indicated in Fig. 5-6 .
Worn Surface morphology
Conclusion
(1) The CNTs containing brake lining specimens showed lower porosity and higher bulk density than that of green specimen. The CNT containing brake lining specimens prepared through 30% C 2 H 2 show the lowest open porosity and the highest bulk density. (2) Significant enhancement in mechanical properties of specimens was obtained when the CNT containing friction powders are adopted, however, too many entangled CNTs and amorphous carbon clusters derived from higher ratio of C 2 H 2 /N 2 would cause poor formation and reduce reinforced efficiency. (3) Apparent reduction in the wear rate and the average friction coefficient can be detected when the CNT containing friction powders are adopted. The specimen prepared through 30% C 2 H 2 had the most stable and lowest average friction coefficient and wear rate. (4) Morphological observations show that the worn surface of the green specimen exhibited a rough and random morphology. On the contrary, some smooth, adherent lubricating films are formed on the sliding surface of CNT containing brake lining specimens. 
